Introduction {#s1}
============

Calcium is a ubiquitous intracellular secondary messenger involved in several fundamental cellular processes [@pone.0049200-Clapham1], [@pone.0049200-Berridge1], [@pone.0049200-Carafoli1] such as secretion, proliferation and membrane excitability. It is essential for the cell to regulate the very low intracellular calcium level (in the order of 100 nM) and control its level when Ca^2+^-dependent pathways are activated, during which it rises to roughly 1 µM [@pone.0049200-Berridge1]. In order to monitor and visualize intracellular calcium concentrations, genetically encoded calcium indicators (GECIs) [@pone.0049200-Mank1] offer some key advantages in comparison to synthetic calcium dyes. In particular GECIs do not need to be loaded into the cell, they are directly expressed by the transfected cells. They can also be targeted to specific sub-cellular organelles and do not leak out of the cells, allowing long-time-course recording. Two structurally different classes of GECI can be recognized: a Förster resonance energy transfer (FRET)-based type that relies on the use of calcium binding element interposed between two fluorescent proteins (FP) and a second class where the calcium sensor uses a single FP.

The latter class comprises sensors such as G-CaMP [@pone.0049200-Nakai1] and Pericam [@pone.0049200-Nagai1] which respond to calcium binding by changing their fluorescence intensity. In an effort to improve and expand the hue range of G-CaMP type sensors, which are based on circular permutated GFP, a recent study has published a colony-based screen for Ca^2+^-dependent fluorescent changes [@pone.0049200-Zhao1]. This screen has produced a new set of sensors, called GECO, with different calcium dynamic range and fluorescent hues. CatchER [@pone.0049200-Tang1] has been developed for detecting high calcium in the endoplasmic reticulum and although it is based on a single FP, it differs from the other member of this class of sensors in the fact that the calcium binding site has been introduced into the eGFP itself, adjacent to the chromophore.

The most widely employed Calcium FRET sensors are the Cameleon sensors [@pone.0049200-Miyawaki1]. They comprise a fusion of the calmodulin protein and the calmodulin-binding domain of myosin light chain kinase M13 inserted between two fluorescent proteins such as CFP and YFP. Upon binding of calcium to calmodulin, the M13 chain binds to the calmodulin protein, bringing the two fluorophores into close proximity and allowing energy transfer to occur. However calmodulin is a ubiquitous signalling protein and may interfere with the expressed Cameleon sensors and at the same time the over-expressed sensors may also deregulate cell signalling [@pone.0049200-Garaschuk1]. In order to bypass this issue, a different set of calcium FRET biosensors that employ Troponin C as the calcium-binding moiety have been generated [@pone.0049200-Heim1], [@pone.0049200-Mank2]. Troponin C is selectively expressed in skeletal muscle cells and therefore does not interfere with normal cellular processes when introduced in cell lines not derived from myocytes. In particular the TN-L15 sensor developed by Heim et al. [@pone.0049200-Heim1] consists of a chicken skeletal muscle Troponin C segment inserted between the fluorescent proteins ΔC11CFP (CFP truncated at its C-terminus by 11 amino acids) and the improved yellow mutant of YFP called Citrine [@pone.0049200-Griesbeck1]. 14 amino-acids of the N-terminus of the Troponin C fragment were removed in order to optimize the efficiency of the energy transfer. The binding of calcium to the binding sites (apparent dissociation constant of 1.2 µM, [@pone.0049200-Heim1]) induces a conformational change bringing the two fluorophores closer together, and allowing energy transfer to occur.

The efficiency of the Förster resonance energy transfer depends on the relative geometry between the two fluorophores (distance and orientation) as well as their spectral properties. The theory developed by Förster gives expressions for the FRET efficiency and introduces the so-called "Förster distance" [@pone.0049200-Lakowicz1]. [Equation (1)](#pone.0049200.e001){ref-type="disp-formula"} highlights the dependence of the FRET efficiency (*E~FRET~*) on the distance separating the two fluorophores (*r*) and the Förster distance (*R~0~*).The Förster distance (*R~0~*) is characteristic of the pair of fluorophores used as donor/acceptor and their relative orientation as shown in [equation (2)](#pone.0049200.e002){ref-type="disp-formula"}, where *κ^2^* is the orientation factor, *J(λ)* represents the spectral overlap between the donor emission spectrum and the acceptor absorption spectrum, *η* is the donor quantum yield and *n* is the refractive index of the medium.The orientation factor describes the angular dependence of the energy transfer. It is maximal when the dipoles of the fluorophores are collinear and becomes zero when they are orthogonal. As the Förster distance is usually in the order of 5--10 nm, nanometre-scale conformational changes in the probe can be read out through changes in the FRET efficiency.

The methods most widely applied to read-out FRET efficiency are intensity-based (spectral ratiometric) [@pone.0049200-Heim1], [@pone.0049200-Ting1], [@pone.0049200-Markova1] or fluorescence lifetime-based measurements [@pone.0049200-Becker1], [@pone.0049200-Wouters1], [@pone.0049200-Tramier1]. Spectral ratiometric read-outs are sensitive to spectral cross-talk, requiring additional calibration samples for quantitative measurements [@pone.0049200-Lakowicz1], [@pone.0049200-Berney1], and can be more severely impacted by photobleaching, optical scattering and the inner filter effect, which can be important when measuring signals in biological tissue [@pone.0049200-Suhling1]. We therefore believe it is useful to characterise the performance of FRET biosensors using the fluorescence lifetime approach, which only requires measurements of the donor emission.

In fluorescence lifetime-based FRET measurements the energy transfer can be observed by a decrease of the lifetime of the donor fluorophore. In the case of a sensor molecule with discrete "open" (no FRET) and "closed" (FRET) conformations, a monoexponential donor fluorophore should generally present a bi-exponential fluorescence decay profile. Under these assumptions the contribution of the short lifetime component to the observed decay profile depends on the fraction of donor fluorophores undergoing FRET and its lifetime is related to the FRET efficiency, *E~FRET~*, by [equation (3)](#pone.0049200.e003){ref-type="disp-formula"}, where *τ~DA~* and *τ~D~* are the lifetime of the donor fluorophore in presence and in absence of the acceptor respectively.More generally, the sensor may still undergo residual FRET in its "open" conformation. In this case we describe the "open" form of the sensor as the "low FRET" conformation and the "closed" form as the "high FRET" conformation.

Currently the most widely used pair of genetically encoded fluorophores for FRET experiment is the cyan/yellow fluorescent proteins. The cyan fluorescent protein (CFP) family has expanded significantly since the first variant [@pone.0049200-Heim2], today notably including the more stable ECFP [@pone.0049200-Miyawaki1], brighter Cerulean [@pone.0049200-Rizzo1], or the reef coral-derived AmCyan [@pone.0049200-Bourett1]. The complex fluorescence decay of most CFPs [@pone.0049200-Villoing1], [@pone.0049200-Yasuda1], however, complicates the quantitative interpretation of fluorescence lifetime measurements when it is employed as a FRET donor. To address this issue, mono-exponential cyan variants, such as mTurquoise [@pone.0049200-Goedhart1] or the *Clavularia* coral-derived monomeric teal fluorescent protein (mTFP1 [@pone.0049200-Ai1]) were created. We have followed previous work and created a new calcium FRET probe by substituting CFP in TN-L15 with mTFP1, which approximates well to a monoexponential fluorescence decay model and offers a better spectral overlap with the yellow fluorescent protein [@pone.0049200-Visser1], [@pone.0049200-Day1], being slightly red-shifted compared to the cyan variants. We note that Geiger et al. [@pone.0049200-Geiger1] have previously suggested that a Troponin C-based calcium FRET sensor would benefit from a donor presenting a mono-exponential fluorescence decay profile for fluorescence lifetime readouts. However they did not demonstrate this.

To better understand the utility of this new calcium FRET biosensor, called mTFP-TnC-Cit, we have undertaken a protocol that we developed for preparing cytosol preparations from mammalian cells [@pone.0049200-McGinty1] that provides a convenient means to produce bulk solutions of the calcium FRET biosensors. These cytosol preparations provide a biologically relevant system for studying proteins in aqueous phase and can be made more readily and rapidly than bulk solutions based on protein purification from bacterial preparations. The robust data afforded by fluorescence lifetime measurements from solution phase can provide quantitative information on the fraction of molecules undergoing FRET and the distance separating the donor and the acceptor [@pone.0049200-Borst1] whilst only requiring one additional measurement of the donor fluorescence decay profile in the absence of acceptor. By carrying out a fluorescence lifetime-resolved calcium titration of both FRET biosensors, we have been able to explore the precision of their readouts and measure their dissociation constants.

Materials and Methods {#s2}
=====================

Plasmids and preparation of mTFP-TnC-Cit and ΔC11CFP {#s2a}
----------------------------------------------------

eGFP (enhanced green fluorescent protein) was expressed from pEGFP-C1 (Clontech). The TN-L15 sensor, cloned into the mammalian expression vector pcDNA3, was a generous gift from O. Griesbeck [@pone.0049200-Heim1]. mTFP1 was obtained from Allele Biotechnology (pmTFP1-N vector). mTFP-TnC-Cit was constructed by substituting a single fluorophore from the original TN-L15 sensor. Since TN-L15 is inserted between *Bam*H1 and *Eco*R1, a double digestion of the TN-L15 vector with *Bam*H1/*Eco*R1 enabled us to isolate the TN-L15 insert and the pcDNA3 backbone. The insert was then digested with *Sph*1 to separate the TnC--Cit fragment from the CFP fragment. mTFP1 was amplified by PCR (see [Figure S1](#pone.0049200.s001){ref-type="supplementary-material"} for the sequences of forward and reverse primers). It was then digested with *Bam*H1 and *Sph*1. The reverse primer was designed such that it includes the *Sph*1 restriction site and the 10 base pairs preceding the STOP codon. The STOP codon was deleted to allow read-through of the entire sensor, and a guanine was introduced in order to keep the open reading frame in-frame with that of the Troponin C -- Citrine fragment. The mTFP1 fragment, the Troponin C -- Citrine fragment and the backbone of pcDNA3 were ligated. At each step of the cloning of mTFP-TnC-Cit the DNA was run on a 1% agarose gel. DNA bands were purified using a gel purification kit (Qiagen).

XL10 Ultracompetent cells were transformed with the new sensor by heat shock procedure. DNA was extracted and purified (QIAprep Spin Miniprep Kit, Qiagen) and diagnostically digested with ECO0109I and *Eco*R1. The ECO0109I restriction site is present within the open reading frame of mTFP-TnC-Cit and therefore reveals the presence of clones correctly expressing mTFP-TnC-Cit. A second diagnostic digest with *Bam*H1/*Eco*R1 was carried out in order to confirm the presence of the whole insert. DNA was then amplified, purified (Plasmid Maxi Kit, Qiagen) and verified by sequencing.

ΔC11CFP was prepared using the TN-L15 plasmid as a template in a PCR reaction (see supporting material S2 for primer sequences). The reverse primer introduced a STOP codon at the end of the CFP open reading frame followed by an *Eco*R1 restriction site. The digested fragment was then re-introduced into pcDNA3.

Cytosol preparations {#s2b}
--------------------

Plasmids coding for the calcium FRET sensors or single fluorescent proteins were transiently transfected into SV40-transformed human embryonic kidney cells (HEK293T) cells using polyethylenimine (PEI), as previously described [@pone.0049200-McGinty1]. Briefly, sub-confluent HEK293T cells cultured in 175 cm^2^ flask were transfected with 50 µg of DNA (2.5 µL of PEI per 1 µg of DNA in Opti-MEM®, Invitrogen) and incubated for 8--10 hours at 37°C. 24--48 hours post-transfection, cells were detached and homogenized (Ultra-turrax) in lysis buffer (50 mM TrisCl, pH = 7.4, 50 mM mannitol, 40 µM of EDTA and protease inhibitors cocktail, *cOmplete EDTA-free Cocktail*, Roche). Nuclei and debris were spun down at 500 g and the supernatant stratified on membrane re-suspension buffer (50 mM TrisCl, pH = 7.4, 300 mM mannitol and protease inhibitors cocktail, *cOmplete EDTA-free Cocktail*, Roche) before ultracentrifugation at 40,000 rpm for 45 minutes. The cytosol preparation was then recovered from the later spin and then concentrated by centrifugation at 3,000 rpm with a spin column (30 kDa cut off filter for FRET sensors and 10 kDa for single fluorophores, Vivaspin 6 from Sartorius Vivascience).

Multidimensional fluorometer {#s2c}
----------------------------

All fluorescence measurements were undertaken using a home-built multidimensional fluorometer resolving fluorescence lifetime, spectrum and polarization [@pone.0049200-Manning1]. The detection system combines Time-Correlated Single Photon Counting (TCSPC, Becker & Hickl, SPC 730) for precise lifetime measurements with a scanning monochromator and automated polarizers for spectrally and polarization-resolved fluorescence emission analysis. The excitation source is a picosecond fibre laser-pumped supercontinuum (SPC400-2PP, Fianium) source that is spectrally tuneable to provide the optimum excitation wavelength. The instrument response function (IRF) is acquired at the excitation wavelength using a colloidal silica suspension (LUDOX® SM-30, Aldrich). All fluorescence lifetime measurements were carried out by exciting the sample with a vertical polarization and measuring its emission at the magic angle polarization. The temperature was controlled by using a cuvette holder connected to a temperature-controlled water bath (Grant, LTD6G & LTD6/20).

Fluorescence lifetime measurements of single fluorophores {#s2d}
---------------------------------------------------------

Purified eGFP (rEGFP protein, BD Clontech) was diluted in membrane re-suspension buffer (TrisCl, pH = 7.4) to 10 µM. Both eGFP cytosol preparation and purified eGFP were excited at 490 nm (10 nm bandwidth) and measured at 510 nm (10 nm bandwidth), at room temperature.

The samples of ΔC11CFP and mTFP1 were prepared by diluting their respective cytosol preparations in the Component A buffer of the Calcium calibration kit \#1 (Invitrogen) in a ratio 1∶10. The acquisition was performed at 37°C. The ΔC11CFP sample was excited at 430 nm (10 nm bandwidth) and detected at 475 nm (10 nm bandwidth). mTFP1 was excited at 460 nm (10 nm bandwidth) and detected at 490 nm (10 nm bandwidth).

Measurements of the temperature dependence of the fluorescence lifetimes {#s2e}
------------------------------------------------------------------------

The temperature dependence of the fluorescence lifetime for both ΔC11CFP and mTFP1 was studied in the multidimensional fluorometer by stabilising the sample at temperatures ranging from 20°C to 50°C in 5°C steps. The sample was prepared by diluting the cytosol preparation 1∶10 in the Component A buffer of the Calcium calibration kit \#1 from Invitrogen. The error on the temperature is of the order of ±1°C. ΔC11CFP was excited at 430 nm (10 nm bandwidth) and its fluorescence emission was collected at 475 nm (10 nm bandwidth). mTFP1 was excited at 460 nm (10 nm bandwidth) and measured at 490 nm (10 nm bandwidth). All measurements were carried out by adjusting the integration time such that the number of photons in the maximum of every fluorescence decay profile reached 10,000.

Fluorescence lifetime versus emission wavelength {#s2f}
------------------------------------------------

The dependence of the fluorescence lifetime with the emission wavelength of ΔC11CFP and mTFP1 was carried out on cytosol preparations (diluted 1∶10 in the Component A buffer of the Calcium calibration kit \#1 from Invitrogen) using the multidimensional fluorometer. All measurements were carried out at 37°C and the integration time was adjusted such that the number of photons in the maximum of each fluorescence decay profile reached 10,000. ΔC11CFP and mTFP1 were excited at 430 nm (10 nm bandwidth) and 460 nm (10 nm bandwidth) respectively.

Calcium titration {#s2g}
-----------------

The titration was achieved by fixing the concentration of the free calcium available for the sensor by buffering of the total calcium with calcium chelator (EGTA) [@pone.0049200-Tsien1]. Given that the binding affinity of EGTA is temperature dependant, the temperature of the sample had to be strictly controlled and we chose to work at 37°C. Calcium titration was carried out with the Calcium Calibration kit \#1 (Invitrogen) in the absence of Magnesium at 37°C, pH = 7.2 (MOPS). Free calcium levels were calculated using the complete mathematical description of the constant of affinity model as shown in [equation (4)](#pone.0049200.e004){ref-type="disp-formula"}.Where *k~D~* is the dissociation constant, \[*Ca^2+^*\], \[*EGTA*\] and \[*EGTA·Ca^2+^*\] are respectively the concentrations of free calcium ion, calcium-free EGTA and calcium-bound EGTA. \[*EGTA*\]~0~ and \[*Ca^2+^*\]~0~ are respectively the total concentration of EGTA and calcium disregarding their status of binding.

A value of 107.9 nM was used for the binding affinity of EGTA (*k~D~*) at 37°C, as previously reported [@pone.0049200-Tsien1]. The concentrations of the calcium free in solution (\[*Ca^2+^*\] in µM) used for the titration were 0, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 and 40 µM. Samples were diluted 1∶10 in the appropriate buffers.

The single fluorophore sample (ΔC11CFP and mTFP1) measurements were prepared by diluting the cytosol preparation 1∶10 in the Component A buffer of the Calcium calibration kit \#1 (Invitrogen).

Data analysis, global analysis and fitted models {#s2h}
------------------------------------------------

Data analysis was performed with discrete exponential models (see [equation (5)](#pone.0049200.e005){ref-type="disp-formula"}), using the TRFA Data processor Advanced 1.4 (SSTC) software package.In [equation (5)](#pone.0049200.e005){ref-type="disp-formula"}, *τ~i~* and *p~i~* represent the lifetime and the initial fractional contribution of the *i*-th exponential component of the decay respectively. *p~i~* is proportional to the number of fluorophores with lifetime *τ~i~*.

The fluorescence decay analysis used the method of non-linear minimization of the reduced *χ^2^* parameter (defined by [equation (6)](#pone.0049200.e006){ref-type="disp-formula"}).In [equation (6)](#pone.0049200.e006){ref-type="disp-formula"}, *f~k~* and *f^th^~k~* are the values of the measured and theoretical (from the model) fluorescence signal in time bin *k* respectively. *n* is the total number of time bins analysed and *m* is the number of fitted parameters. Here this criterion is used to describe the quality of the fit.

Average fluorescence lifetimes were calculated using [equation (7)](#pone.0049200.e007){ref-type="disp-formula"}, i.e. the photon-weighted average lifetime, as described by Lakowicz [@pone.0049200-Lakowicz1].The relative contribution of a particular decay component to the total fluorescence signal (*a~k~*) is calculated using [equation (8)](#pone.0049200.e008){ref-type="disp-formula"}. It takes into account the contribution in population (*p~k~*) as well as its fluorescence lifetime (*τ~k~*).For the calcium titration, a two population model was adopted: one "high FRET" (or "closed") conformation and one "low FRET" (or "open") conformation. Fluorescence decay data corresponding to each state were fitted using a model with the same number of exponential components as that of the donor only. For TN-L15 (donor CFP), a 4 exponential model was adopted (2 components for each conformation). A bi-exponential model was chosen for mTFP-TnC-Cit. The number of decay components was selected based on an analysis of the fluorescence from the donor alone, as presented in the [results](#s3){ref-type="sec"} section. The fluorescence lifetime components were fitted globally across the whole titration dataset (e.g. all concentrations) and only the contributions of these components were allowed to vary at each concentration. For the model chosen to fit the TN-L15 titration (4-component model), 4 lifetime components and 48 contribution factors (4 contribution factors at each of 12 concentrations) were used in the global fitting. For mTFP-TnC-Cit the global model comprises 2 lifetime components and 24 contribution factors (2 pre-exponential factors at each of 12 concentrations).

Uncertainties on the presented fluorescence decay parameters were calculated in one of two ways. The first used the confidence intervals calculated by the TRFA fitting software. It provides an analysis of the 67% confidence interval using an exhaustive search method. The second was based on repeated acquisition of decay data from the same sample (3 replicates) that were fitted separately.

The global analysis with the constant ratios uses the model described in [equation (9)](#pone.0049200.e009){ref-type="disp-formula"}. The ratios *r~21~* and *r~43~* are globally fitted across the dataset.This model describes a bi-exponential donor fluorescence decay in two different conformation ("low FRET" and "high FRET"). Furthermore we assume that the relative contributions of the two lifetime components within the same conformation are the same, resulting in *r~21~ = r~43~*. This is achieved by linking the values of the two ratios within the fitting model. In this case and if the components 1 and 2 represent the population in the "high FRET" conformation then the total fraction of "closed" conformation *q~1~* can be written as [equation (10)](#pone.0049200.e010){ref-type="disp-formula"}.This model therefore results in 5 parameters being fitted globally (*r~21~* (* = r~43~*), *τ~1~*, *τ~2~*, *τ~3~* and *τ~4~*) and 24 contribution factors (*p~1~* and *p~3~* at each one of the 12 calcium concentrations).

The phasor analysis was performed using a custom-written routine in MATLAB®, following previous work [@pone.0049200-Clayton1], [@pone.0049200-Verveer1] using the [equations (11)](#pone.0049200.e011){ref-type="disp-formula"} and [(12)](#pone.0049200.e012){ref-type="disp-formula"}. The calibration of the phasor plot was achieved by using the scatterer dataset (reference lifetime of zero). The calibration was tested against a sample of Rhodamine 6G (Lambda Physik) in water (2 µM) leading to a modulation lifetime *τ~m~ = 4.011 ns* and phase lifetime *τ~φ~ = 4.012 ns* [@pone.0049200-Lakowicz1] which are in excellent agreement with each other and with the value obtained from the fitting in the time-domain using the TRFA software package (*4.011 ns*). The phasor point obtained from the Rhodamine 6G dataset therefore lies perfectly on the universal circle (data not shown).

The titration data were analysed by fitting a straight line through the phasor points [@pone.0049200-Clayton1]. For this purpose the gradient and Y-intercept of the line were analytically expressed as a function of the two lifetimes corresponding to the two intersects of this line with the universal circle. These two lifetimes were then obtained by the least square fitting method with a custom written MATLAB® routine. The errors on the lifetimes are given by the 67% confidence interval bounds. Relative contributions of each of the two lifetime components were then calculated for each data point. The errors on the fractions were obtained from the experimental repeats.

Titration model {#s2i}
---------------

In order to estimate the dissociation constant and the position of the endpoints from the various experimental titration curves obtained, we fitted the data to the model described in [equation (13)](#pone.0049200.e013){ref-type="disp-formula"}, using the *cftool* function in MATLAB®.Here *p* is the variable used to represent the fraction of sensor molecules in the "closed" conformation, \[*Ca^2+^*\] is the free calcium concentration, *k~D~* is the dissociation constant, *p~min~* is the value of *p* at \[*Ca^2+^*\]* = 0 µM* and *p* ~max~ its value at \[*Ca^2+^*\]*\>\>k~D~*. The introduction of *p~min~* and *p~max~* in the model takes into account the fact that *p* may not vary from 0 to 1.

When fitting the experimental data to the model described by [equation (13)](#pone.0049200.e013){ref-type="disp-formula"}, it was necessary to define the relative weightings of the data points. For the data points at \[*Ca^2+^*\]* = 0 µM* and \[*Ca^2+^*\]* = 40 µM*, the standard deviation of the parameter *p* obtained from the experimental repeats was used. For all other concentrations, a linear interpolation between the measured standard deviation at the two endpoints was used.

When using a measured value of *p* to calculate \[*Ca^2+^*\] and to investigate the effect the error on *p* has on the calculated calcium concentration, we rearranged [equation (13)](#pone.0049200.e013){ref-type="disp-formula"} to yield [equation (14)](#pone.0049200.e014){ref-type="disp-formula"}.

Live-cell FLIM experiment {#s2j}
-------------------------

HEK293T (human embryonic kidney) cells were maintained at 37°C in a 5% CO~2~ vapour-saturated incubator in Dulbecco\'s modified Eagle medium (DMEM), 4.5 g/L glucose supplemented with 10% Foetal Bovine Serum (FBS), 2 mM glutamine and Pen/Strep until confluency. Cells were then plated on poly-L-lysine treated glass-bottom dish (35 mm diameter, from MatTek). After 24 hours they were transiently transfected with either TN-L15 or mTFP-TnC-Cit using the PEI protocol (1 µg of DNA and 2.5 µL of PEI per dish in Opti-MEM®, Invitrogen).

The live-cell experiments were carried out using a wide-field (Olympus IX81) microscope that was similar to that described previously [@pone.0049200-Kumar1]. The CFP in TN-L15 was excited at a wavelength of 435 nm and the CFP fluorescence was measured using a spectral filter centred at 482 nm (Semrock 482/35). For mTFP-TnC-Cit the mTFP1 was excited at 445 nm (Semrock 445/45) and the mTFP fluorescence was measured at 494 nm (Semrock 494/20).

Cells were imaged 48 hours after transfection in Calcium-free physiological solution (130 mM NaCl, 5 mM KCl, 0.5 mM MgCl~2~, 10 mM Hepes buffered at pH = 7.2, 1 g/L of glucose). The calcium calibration protocol has been previously described by Palmer et al. [@pone.0049200-Palmer1]. Briefly, a baseline level was acquired for 200 s (taking a FLIM image every 20 s), then EDTA and ionomycin were added to the imaging medium (10 mM EDTA and 5 µM ionomycin final concentrations) and the cells were imaged for 400 s (taking an image every 20 s). The cells were then washed and exposed to CaCl~2~ and ionomycin (10 mM CaCl~2~ and 5 µM ionomycin final concentration). The cells were finally imaged for another 400 s (taking an image every 20 s).

Data analysis was performed by an in-house MATLAB® routine using the method of non-linear minimization of the reduced *χ^2^* parameter. A measurement of DASPI (Radiant Dye laser) at 20 µM in water was used as a short lifetime (130 ps) reference for correction of the instrument temporal response function using reference re-convolution. Each frame of the time-course was fitted independently on a pixel-wise basis, after applying the appropriate intensity threshold. The average over all pixels in the cells was calculated leading to a single lifetime value for each frame of the time-courses. Then the averages over all frames of each time-course were calculated (baseline, EDTA, Ca^2+^). The mean and standard deviation of these 3 lifetimes were calculated over the repeats (N = 4).

Results {#s3}
=======

Validation of the cytosol preparation {#s3a}
-------------------------------------

The use of cytosol preparation instead of purified protein for time-resolved fluorescence analysis was tested by comparing the fluorescence decays of eGFP protein in cytosol preparation with a purified sample. [Figure 1](#pone-0049200-g001){ref-type="fig"} shows the fluorescence decay, fitting and residuals from the fitting of both samples. [Table 1](#pone-0049200-t001){ref-type="table"} shows the results of time-resolved fluorescence measurements.

![Fluorescence decays of eGFP at 21°C.\
(A) eGFP from cytosol preparation of HEK293T cells expressing eGFP. (B) purified eGFP. IRF: Instrument Response Function. Res. : residuals.](pone.0049200.g001){#pone-0049200-g001}

10.1371/journal.pone.0049200.t001

###### Results of time-resolved fluorescence analysis of eGFP obtained from cytosol preparation and purified eGFP.

![](pone.0049200.t001){#pone-0049200-t001-1}

                                      *p~1~*      *τ~1~ (ns)*     *p~2~*      *τ~2~ (ns)*   *\<τ\> (ns)*   *χ^2^*
  -------------------------------- ------------- ------------- ------------- ------------- -------------- --------
  ***eGFP cytosol preparation***    0.179±0.005    1.55±0.02    0.821±0.005    2.73±0.02     2.60±0.04     1.024
  ***eGFP purified***               0.186±0.005    1.56±0.02    0.814±0.005    2.70±0.02     2.56±0.04     1.049

\<τ\> is the average lifetime calculated as described by [equation (7)](#pone.0049200.e007){ref-type="disp-formula"}. χ^2^ is the fit quality criterion calculated by the fitting software (see [equation (6)](#pone.0049200.e006){ref-type="disp-formula"}). Errors are the 67% confidence intervals returned by the TRFA analysis software.

The results obtained for the purified eGFP and the cytosol preparation match within the confidence intervals and are in good agreement with previously reported values [@pone.0049200-Swaminathan1], [@pone.0049200-Gautier1], [@pone.0049200-Subramaniam1]. The excitation and emission spectra obtained from cytosol preparations of the two biosensors used in this work also match those from literature for CFP, Citrine and mTFP1 (data not shown) and, as discussed below, the fluorescence lifetime of mTFP that we obtained from a cytosol preparation is in good agreement with measurements by Visser et al. [@pone.0049200-Visser1] on purified samples. We believe that these observations indicate that the cytosol preparation provides a reasonable analogue for measurements of purified fluorescent proteins. Our measurements of the fluorescence lifetime of ΔC11CFP are shorter than those reported in the literature for CFP, again see below, and we attribute this to the truncation of the 11 amino-acids from the protein.

Fluorescence lifetime of the FRET donors: ΔC11CFP and mTFP {#s3b}
----------------------------------------------------------

The fluorescence lifetime of the donor fluorophores of TN-L15 and mTFP-TnC-Cit (respectively ΔC11CFP and mTFP1) were measured. [**Figure 2**](#pone-0049200-g002){ref-type="fig"} shows the fluorescence decays of ΔC11CFP and mTFP1 to which single, double and triple exponential decay models were fitted. ΔC11CFP was appropriately fitted (χ^2^ = 1.018) with a triple exponential model (as previously observed for ECFP [@pone.0049200-Geiger1]) although could be fitted with a reduced quality of fitting (χ^2^ = 1.374) with a double exponential model. The single exponential model does not describe well the decay of ΔC11CFP, as is highlighted by the poor fitting criterion (χ^2^ = 23.733) and the amplitude of the structure in the fitting residual (see panel B in [**Figure 2**](#pone-0049200-g002){ref-type="fig"}). For mTFP1 a double exponential leads to an excellent fit (χ^2^ = 1.006) but a reasonable fit can be obtained with a single exponential model (χ^2^ = 1.260). The attempt to fit a triple exponential model to the mTFP1 decay did not provide a further reduction in χ^2^ (χ^2^ = 1.052 for a triple exponential compared to χ^2^ = 1.006 for a double exponential).

![Fluorescence decays of ΔC11CFP and mTFP1 at 37°C and the fitted curve using a single exponential model (A), a double exponential model (D) and a triple exponential model (G).\
The respective residuals for ΔC11CFP, panels (B), (E) and (H), and mTFP, panels (C), (F) and (I), are shown underneath. IRF: Instrument Response Function. Res. : residuals.](pone.0049200.g002){#pone-0049200-g002}

The quality of the fit to the data can also be assessed by observing the residuals ([**Figure 2**](#pone-0049200-g002){ref-type="fig"} panels B, C, E, F, H and I). The residual curves obtained for ΔC11CFPusing the triple exponential model and mTFP1 double exponential model (panels H and F) are flat and do not exhibit any relevant features. This reveals that the fluorophores are best described by these models under the conditions used in this study.

However the simplified models tested (double exponential model for ΔC11CFP and single exponential model for mTFP1) lead to a reasonable fit (χ^2^\<1.4) despite the presence of small features in the residuals (panels E and C) and a noticeable deviation of the fitted curve with respect to the data at late photon arrivals for the ΔC11CFP double exponential fit (panel D, between 20 ns and 24 ns). We note that the use of fluorophores with fewer decay components simplifies the analysis, particularly for FRET measurements, and has practical implications, for example with respect to lifetime changes caused by differential photobleaching of different components [@pone.0049200-Tramier2].

The parameters obtained from the three sets of fitting models are shown in [Table 2](#pone-0049200-t002){ref-type="table"}. The results for mTFP1 are in reasonable agreement with earlier measurements from Visser et al. [@pone.0049200-Visser1] who obtained *τ* ~1~ = 0.91 ns, *p~1~* = 0.09 and *τ* ~2~ = 2.9 ns, *p* ~2~ = 0.91 carried out on purified proteins, or from Sun et al. [@pone.0049200-Sun1], [@pone.0049200-Sun2] who measured mTFP1 expressed in cells (2.73 ns and 2.68 ns). When fitting a double exponential model to mTFP1 the short lifetime component (1.3 ns) accounts only for 7% of the initial signal, which explains why the single exponential model leads to a reasonable fit.

10.1371/journal.pone.0049200.t002

###### Fluorescence decay parameters obtained from the fitting of ΔC11CFP and mTFP1.

![](pone.0049200.t002){#pone-0049200-t002-2}

  *FP*             *Model*      *p~1~*      *τ~1~ (ns)*     *p~2~*      *τ~2~ (ns)*     *p~3~*     *τ~3~ (ns)*   *\<τ\> (ns)*    *χ^2^*
  --------------- ---------- ------------- ------------- ------------- ------------- ------------ ------------- -------------- ----------
  ***ΔC11CFP***    *Single*       *1*       *2.11±0.02*       *-*           *-*          *-*           *-*          *2.11*      *23.733*
                   *Double*   *0.44±0.01*   *2.67±0.01*     *0.56*      *0.72±0.02*      *-*           *-*          *2.17*      *1.374*
                   *Triple*   *0.27±0.01*   *3.01±0.05*   *0.34±0.01*   *1.59±0.05*     *0.40*     *0.50±0.04*      *2.19*      *1.018*
  ***mTFP***       *Single*       *1*       *2.75±0.01*       *-*           *-*          *-*           *-*          *2.75*      *1.260*
                   *Double*   *0.93±0.01*   *2.81±0.01*     *0.07*       *1.3±0.3*       *-*           *-*          *2.76*      *1.006*
                   *Triple*     *0.87*      *2.85±0.01*   *0.12±0.02*    *1.7±0.2*    *0.009±NA*    *2.5±1.9*       *2.76*      *1.052*

\<τ\> is the average lifetime calculated as described by [equation (7)](#pone.0049200.e007){ref-type="disp-formula"}. χ^2^ is the fit quality criterion calculated by the fitting software (see [equation (6)](#pone.0049200.e006){ref-type="disp-formula"}). Errors are the 67% confidence intervals returned by the TRFA analysis software. FP: fluorescent protein.

The triple exponential fit of the ΔC11CFP decay shows that no decay component is predominant as each component (0.50 ns, 1.59 ns and 3.01 ns) has an approximately equal contribution. This is also observed in the double exponential fit where the two components (0.72 ns and 2.67 ns) approximately contribute the same amount to the decay.

We note that our measurement of the average fluorescence lifetime of ΔC11CFP (2.19 ns) is shorter than the published values, e.g. Geiger et al. 2.31 ns [@pone.0049200-Geiger1], Kim et al. 2.47 ns [@pone.0049200-Kim1] and Borst et al. 2.71 ns [@pone.0049200-Borst1]. These references show that there is significant variability in the fluorescence lifetime of CFP, which is presumably due to variations in the conditions of the measurement. However, given the magnitude and trend of the discrepancy between our data and the literature, we believe that at least part of this difference in measured lifetime is caused by the truncation of 11 amino-acids from the C-terminus of CFP.

Overall, these results highlight the complexity of the fluorescence decay of ΔC11CFP, which has at least two lifetime components of approximately equal contributions, and also demonstrate that mTFP1 can be reasonably well described by a single exponential model.

Temperature dependence of mTFP1 and ΔC11CFP {#s3c}
-------------------------------------------

It has been shown previously that the fluorescence lifetime of CFPs exhibits a significant dependence on temperature [@pone.0049200-Villoing1]. This property has the potential to affect the measurement of calcium concentration when using a sensor utilising CFP as a FRET donor.

It is challenging to directly measure the effect of temperature on the calcium sensor fluorescence as the calcium buffers used to control the free calcium will also be affected by any changes in temperature, mostly through changes in dissociation constant of the calcium chelator (EGTA [@pone.0049200-Tsien1] is often used), and the calcium concentration would therefore not be controlled. However the direct effect of temperature on the donor fluorophore decay can be readily studied. We measured the fluorescence decays of ΔC11CFP and mTFP1 over the range 20°C to 50°C. A triple and a double exponential model were respectively used for ΔC11CFP and mTFP1, and the changes in average lifetime calculated using [equation (7)](#pone.0049200.e007){ref-type="disp-formula"} are shown in [**Figure 3**](#pone-0049200-g003){ref-type="fig"}. We note that the acquisition times were adjusted so as to obtain 10,000 photons in the maximum of every fluorescence decay profile.

![Temperature dependence of the average fluorescence lifetime of ΔC11CFP and mTFP1.\
A triple exponential model was used to describe ΔC11CFP fluorescence decays and a double exponential model for mTFP1. The average lifetimes were calculated using [equation (7)](#pone.0049200.e007){ref-type="disp-formula"}. Errors are the 67% confidence intervals returned by the TRFA analysis software. The straight lines represent the linear regression of the corresponding dataset with a slope of −0.048 ns/°C for ΔC11CFP and −0.019 ns/°C for mTFP1.](pone.0049200.g003){#pone-0049200-g003}

The average lifetime of ΔC11CFP follows an approximately linear relationship (R^2^ = 0.995) with temperature with a slope of −0.048 ns/°C, which is in good agreement with previous measurements by Villoing et al. [@pone.0049200-Villoing1]. Similarly the mTFP1 average lifetime is approximately linear with temperature with a slope of −0.019 ns/°C over the same range (R^2^ = 0.985). Therefore, the sensitivity of the average fluorescence lifetime with temperature is 2.5-fold lower for mTFP1 than for ΔC11CFP, which could improve the robustness of lifetime-based readouts of FRET biosensors using mTFP1 as a donor.

It is also useful to determine the extent to which mTFP1 can be reasonably described by a single exponential decay model as the temperature is varied. [Figure 4](#pone-0049200-g004){ref-type="fig"} shows the initial fraction of the short decay component as a function of temperature when fitting a double exponential model to the mTFP1 temperature dependence dataset. The initial contribution of the short lifetime component (around 1 ns) is less than 2.6% at 20°C and increases with temperature but only exceeds 10% above 45°C. Based on the lifetime components given in [Table 2](#pone-0049200-t002){ref-type="table"}, a 10% initial contribution in the short component represents only 5% of the total number of photons in the fluorescence decay (calculated from [equation (8)](#pone.0049200.e008){ref-type="disp-formula"}) and at 37°C the short lifetime component contributes less than ≈3% of the emitted photons. Thus mTFP1 is well approximated to a single exponential decay model at 37°C and below. Changes with temperature in the relative contributions and lifetimes of ΔC11CFP and mTFP1 are described in the [Figures S3](#pone.0049200.s003){ref-type="supplementary-material"} and [S4](#pone.0049200.s004){ref-type="supplementary-material"}.

![Fraction of short component (*p~1~*) versus temperature for mTFP1 when fitting a double exponential model.\
Errors are the 67% confidence intervals returned by the TRFA analysis software.](pone.0049200.g004){#pone-0049200-g004}

Fluorescence lifetime versus emission wavelength of mTFP1 and ΔC11CFP {#s3d}
---------------------------------------------------------------------

The fluorescence lifetime of cyan variants of GFP has been shown previously to vary significantly with emission wavelength [@pone.0049200-Villoing1]. This means that changes in the choice of emission wavelength can affect the measured lifetime and complicate calculations of expected FRET efficiency. To our knowledge, the dependence of mTFP1 lifetime with emission wavelength has not been reported. Therefore, in order to perform a fair comparison, the dependence of both ΔC11CFP and mTFP1 fluorescence decays with the emission wavelength was investigated. A triple and a double exponential model were used for ΔC11CFP and mTFP1 respectively. [**Figure 5**](#pone-0049200-g005){ref-type="fig"} shows the changes in average fluorescence lifetimes (using [equation (7)](#pone.0049200.e007){ref-type="disp-formula"}) of ΔC11CFP and mTFP1 with respect to their emission spectrum.

![Emission wavelength and average fluorescence lifetime for (A) ΔC11CFP and (B) mTFP1.\
A triple exponential model was used to describe the ΔC11CFP fluorescence decays and a double exponential model for mTFP1. The average lifetimes were calculated using [equation (7)](#pone.0049200.e007){ref-type="disp-formula"}. The variation of all decay parameters with temperature are shown in [figure S5](#pone.0049200.s005){ref-type="supplementary-material"} and [S6](#pone.0049200.s006){ref-type="supplementary-material"}.](pone.0049200.g005){#pone-0049200-g005}

The average fluorescence lifetime of ΔC11CFP varies significantly across its emission spectrum with a maximum difference of 120 ps between 470 nm (2.19 ns) and 500 nm (2.07 ns). This significant change in average lifetime is a result of changes in fractional contributions of the two decay components as well as changes in the lifetimes of the two components, as shown in [Figure S5](#pone.0049200.s005){ref-type="supplementary-material"} and [S6](#pone.0049200.s006){ref-type="supplementary-material"} and previously reported by Villoing et al. [@pone.0049200-Villoing1].

The average fluorescence lifetime of mTFP1 across its emission spectrum is much more consistent than ΔC11CFP, with maximum difference of 27 ps between 480 nm (2.733 ns) and 500 nm (2.761 ns). This confers improved reliability and comparability between experiments using different emission channels and therefore between different instruments. This is important for translation of lifetime readouts, e.g. from solution phase-based experiments to fluorescence lifetime imaging (FLIM) microscopy where the instrumentation may have a much broader emission filter.

Calcium titration analysed by global analysis of fluorescence lifetime data {#s3e}
---------------------------------------------------------------------------

In this set of experiments the donor fluorescence decay from TN-L15 and mTFP-TnC-Cit was measured at 12 different free calcium concentrations spanning from negligible calcium (≈0 µM) up to 40 µM. In the data analysis, two states of the biosensor were considered: one where it is in an "open" conformation (with, potentially, a low residual level of resonant energy transfer), expected to be predominant at low calcium levels and a second, in a closed conformation (where the FRET efficiency is higher). For both conformations, the population of donor fluorophores is assumed to have the same number of lifetime components (sub-populations) as the free donor fluorophore. Each dataset was fitted using global analysis, thereby allowing the determination of the lifetime components corresponding to each sub-population and their relative contributions at different calcium concentrations.

Based on the results presented in [**Table 2**](#pone-0049200-t002){ref-type="table"}, the free TN-L15 donor (i.e. ΔC11CFP) can be reasonably represented by a minimum of two decay components and so we choose to apply global analysis of TN-L15 based on a four-component model (i.e. two "high FRET" and two "low FRET" sub-populations). We note that global fitting of the TN-L15 titration dataset with a two-component model leads to an unacceptable fit with a χ^2^ = 1.773 (data not shown) and observe that a four-component model has previously been applied to describe a FRET system between CFP and YFP [@pone.0049200-Millington1]. Since the mTFP1 fluorescence decay profile approximates well to a monoexponential decay profile, we choose to apply global analysis of mTFP-TnC-Cit using a two-component model. [Figure 6](#pone-0049200-g006){ref-type="fig"} shows the fluorescence decay profiles, fitted curves and residuals obtained from the global analysis for TN-L15 and mTFP-TnC-Cit. For clarity, only the decay profiles corresponding to 0 µM and 40 µM are shown. The decay profiles displayed in [Figure 6](#pone-0049200-g006){ref-type="fig"} panel A and D show the shortening in donor lifetime as the calcium level increases, as is expected due to FRET. The lifetime parameters obtained from the global analysis are shown in [**Table 3**](#pone-0049200-t003){ref-type="table"}.

![Fluorescence decays of TN-L15.\
**(A) and mTFP-TnC-Cit (D) in 0 µM and 40 µM of free calcium.** The resulting fit quality criteria (χ^2^) from the global fits are 1.128 and 1.316 for the TN-L15 and mTFP-TnC-Cit datasets respectively. (B) and (C) show the corresponding fit residuals at 0 µM and 40 µM for TN-L15. (E) and (F) show the fit residuals for mTFP-TnC-Cit at 0 µM and 40 µM. Res. : residuals.](pone.0049200.g006){#pone-0049200-g006}

10.1371/journal.pone.0049200.t003

###### Fluorescence lifetime results obtained from the global decay analysis of TN-L15 and mTFP-TnC-Cit.

![](pone.0049200.t003){#pone-0049200-t003-3}

  Sensor                                      *Analysis*                              *τ~1~ (ns)*          *τ~2~ (ns)*          *τ~3~ (ns)*        *τ~4~ (ns)*      *χ^2^*
  -------------------- --------------------------------------------------------- --------------------- -------------------- ------------------- ------------------ --------
  ***TN-L15***                               4-components                            *0.24±0.008*          *1.93±0.009*        *0.77±0.003*        *3.13±0.01*      1.128
                                                                                  *Short -- 'closed'*   *Long -- 'closed'*   *Short -- 'open'*   *Long -- 'open'*    *-*
  ***TN-L15***          4-components+constant ratios ***r = 1.175*** **±0.007**       0.241±0.009          1.250±0.006          0.753±0.004         2.86±0.02       1.253
                                                                                  *Short -- 'closed'*   *Long -- 'closed'*   *Short -- 'open'*   *Long -- 'open'*    *-*
  ***mTFP-TnC-Cit***                         2-components                            *2.601±0.002*        *1.114±0.006*             \-                  \-          1.316
                                                                                       *'open'*             *'closed'*              \-                  \-            \-

Each lifetime component is attributed to a conformation (low and high FRET, respectively equivalent to the open and closed conformation). For TN-L15 two different components are present in each population because a four-component model was used. Errors are the 67% confidence intervals returned by the TRFA analysis software.

[**Figure 7**A](#pone-0049200-g007){ref-type="fig"} shows the contributions of the four lifetime components of TN-L15 as a function of calcium concentration. In this model, no assumptions about the relationships of contributions (*p~1~, p~2~, p~3~ and p~4~*) were made. The contributions *p~3~* and *p~4~* decrease with increasing calcium concentration, suggesting that they are associated with the "open" conformation that is assumed to be predominantly present at low calcium concentrations. Similarly the contributions *p~1~* and *p~2~* increase with increasing calcium concentration and we associate these with the "closed" conformation of the biosensor. The lifetimes *τ~3~* (0.77 ns) and *τ~4~* (3.13 ns) are then associated with the "open" conformation. We note however that both of these components are longer than those obtained from the double exponential fit of ΔC11CFP (0.72 ns and 2.67 ns, see [**Table 2**](#pone-0049200-t002){ref-type="table"}). A possible explanation is that the fusion of CFP to the troponin C fragment affects the ΔC11CFP fluorescence lifetime. Unfortunately this means that it is not possible to determine the FRET efficiency of the TN-L15 biosensor in the two conformations since we cannot make a reasonable assumption about the values of the "non-FRETing" donor (or "donor only") lifetimes.

![Fluorescence decay component contributions obtained from global analysis of the calcium titration data.\
(A) TN-L15 contributions from the 4-components model without constraints. (B) Total fraction of molecules in the closed conformation for TN-L15 (*p~2~+p~4~*) (4-components model), TN-L15 (*q~1~*) (4-component model with ratio constraint) and mTFP-TnC-Cit (*p~2~*) (2-component model), all fitted to [equation (13)](#pone.0049200.e013){ref-type="disp-formula"} (solid lines). Error bars on the low and high calcium data points were calculated from three replicate decay acquisitions.](pone.0049200.g007){#pone-0049200-g007}

The two component global fit of the mTFP-TnC-Cit data yielded lifetimes of *τ~1~* = 2.60 ns and *τ~2~* = 1.11 ns, which we attribute to the donor lifetimes of the "open" and "closed" biosensor conformations respectively. This is consistent with the changes observed in their relative contributions, *p~1~* and *p~2~* with increasing calcium concentration shown in [Figure 7B](#pone-0049200-g007){ref-type="fig"}. The donor lifetime of the open conformation is shorter than that obtained from free mTFP1 (2.75 ns, see [Table 2](#pone-0049200-t002){ref-type="table"}), which can be reasonably attributed to a basal level of FRET under the assumption that the mTFP1 fluorescence decay profile is not affected by fusion to the Troponin C fragment, thereby allowing the use of [equation (3)](#pone.0049200.e003){ref-type="disp-formula"}. This yields FRET efficiencies of 5.3% (±0.1%) for the open conformation and 59.5% (±0.2%) for the closed conformation.

In order to relate the results from the global analysis of lifetime data to theory, we fitted the fraction of closed biosensor molecules to the titration model given in [equation (13)](#pone.0049200.e013){ref-type="disp-formula"}. The fraction of "closed" molecules is simply given by *p~2~* in the case of mTFP-TnC-Cit, whereas, for TN-L15, we used the total fraction of closed molecules (*p~1~+p~2~*). The titration model is defined by three parameters, i.e. *p~min~*, *p~max~* and *k~D~*, which were fitted to the data using a custom-built MATLAB® routine. The resulting curves are shown in [Figure 7B](#pone-0049200-g007){ref-type="fig"} and the fitted parameters are shown in [Table 4](#pone-0049200-t004){ref-type="table"}. The dissociation constants, *k~D~*, obtained are in reasonable agreement with the reported value of 1.2 µM for TN-L15 [@pone.0049200-Heim1]. Inspection of the fitted curves shown in [Figure 7B](#pone-0049200-g007){ref-type="fig"} indicates that the data from mTFP-TnC-Cit (green) provides a more robust fitting to the titration model than the four-component global fitting of the TN-L15 lifetime data (blue).

10.1371/journal.pone.0049200.t004

###### Titration model parameters.

![](pone.0049200.t004){#pone-0049200-t004-4}

                                              *Analysis*                          *k~D~ (µM)*   *p~min~*   *p~max~*   *Error @* \[*Ca^2+^*\]* = 1 µM*
  -------------------- --------------------------------------------------------- ------------- ---------- ---------- ---------------------------------
  ***TN-L15***                               4-components                            1.12         0.34       0.56                0.4 *µM*
  ***TN-L15***          4-components+constant ratios ***r = 1.175*** **±0.007**      1.32         0.13       0.6                 0.1 *µM*
  ***mTFP-TnC-Cit***                         2-components                            0.86         0.14       0.46                0.1 *µM*
  ***mTFP-TnC-Cit***                          Phasor plot                            1.04         0.20       0.44                0.1 *µM*

These parameters are obtained from fitting the theoretical titration model to the dataset. The error on the concentration measured at \[*Ca^2+^*\]* = 1 µM* is shown in the last column on the right.

We can use the fitted parameters from the titration data to estimate the accuracy to which calcium concentrations can be determined from fluorescence lifetime measurements of these two FRET biosensors. If we fix the titration parameters (*p~min~*, *p~max~* and *k~D~*) to the values obtained from the global analysis, we can calculate how the error on the measurement of the fraction of donor population undergoing FRET impacts the estimation of calcium concentration using [equation (14)](#pone.0049200.e014){ref-type="disp-formula"}. For these calculations we considered the inflexion point (here at \[*Ca^2+^*\]* = 1 µM*) where the sensitivity of the change in the fraction of the donor population undergoing FRET with calcium concentration is maximal and approximately linear. The error on the population is taken as the average of the experimental errors of the two end points (at 0 and 40 µM). The resulting uncertainty in calcium concentration is found to be 0.4 µM for the TN-L15 biosensor and 0.1 µM for the mTFP-TnC-Cit biosensor.

From [**Figure 7**A](#pone-0049200-g007){ref-type="fig"} we note, however, that the contributions from the two donor sub-populations (long and short lifetime component) within the same conformation (i.e. p~2~ and p~1~ in the "closed" conformation and p~4~ and p~3~ in the "open" conformation) do not vary in proportion across the titration, as could be expected since the two CFP components is a result of a slow equilibrium between two states of the chromophore [@pone.0049200-Seifert1]. To investigate this further we applied the phasor analysis (polar plot) [@pone.0049200-Clayton1] to the titration data sets, as discussed in the [materials and methods](#s2){ref-type="sec"} section. For this the titration dataset is represented by a set of points on the phasor plot as shown in [**Figure 8**](#pone-0049200-g008){ref-type="fig"} (black circles). It is immediately clear that these points map to a straight line (red line, [**Figure 8**](#pone-0049200-g008){ref-type="fig"}) as is expected for a mixture of "low FRET" and "high FRET" populations of donor fluorophore.

![Phasor plots of the titration dataset obtained from TN-L15 (panels A and C) and mTFP-TnC-Cit (panels B and D).\
The panels C and D are close-ups of the region of the phasor plot containing the data-points. The green circle represents the Rhodamine 6G dataset and lies on the universal circle with a lifetime of 4.01 ns. Each black circle represents a fluorescence decay measured at a particular calcium level. The red line shows the linear fit across all data-points and crossing the universal circle (red circles).](pone.0049200.g008){#pone-0049200-g008}

For mTFP-TnC-Cit, the near mono-exponential character of mTFP1 suggests that the phasor plot could be interpreted as a chord between two phasor points on the universal circle that correspond to the two pure components, i.e. ("open" and "closed" conformations). It is therefore possible to obtain the lifetimes of both conformations (intersects between the line and the universal circle) and the fraction of each conformation at each data-point. The lifetimes obtained from this method are 1.43 ns±0.02 ns and 2.81 ns±0.01 ns and the fractions of "closed" conformation calculated at each point of the titration are shown in [**Figure 9**](#pone-0049200-g009){ref-type="fig"}. Fitting the titration model to this dataset leads to a dissociation constant of 1.04 µM, *p~min~ = 0.20* and *p~max~ = 0.44*, which are in reasonable agreement with those obtained from the global fitting ([**Table 4**](#pone-0049200-t004){ref-type="table"}). The lifetime values obtained with this method are both longer than those that were obtained by global analysis fitting (2.601 ns±0.006 ns and 1.114 ns±0.006 ns). This discrepancy may result from the assumptions of our fitting model, (e.g. the monoexponential decay profile of mTFP).

![Fraction of closed conformation obtained from the phasor plot analysis of mTFP-TnC-Cit.\
The lifetimes calculated from the phasor plot are 2.80 ns for the open conformation and 1.43 ns for the closed conformation. The error bars were obtained from experimental repeats.](pone.0049200.g009){#pone-0049200-g009}

For TN-L15, because of the multi-exponential decay profiles of CFP, it is not possible to identify the positions of the pure "open" and "closed" conformations of the TN-L15 sensor from the phasor plot analysis. In fact these could lie anywhere between the extreme points of the titration data along the fitted line and its intersection with the universal circle. Thus it is not possible to determine the fractions of each conformation for the TN-L15 biosensor, without resorting to the use of phasor plots calculated at higher harmonics.

However, the observation that the phasor points lie on a straight line indicates that the "low FRET" and "high FRET" populations have a constant phasors (a constant fluorescence decay signature) and therefore the ratio p~2~/p~1~ and p~4~/p~3~ remain fixed, under our assumption that their respective lifetimes are invariant. We can then utilize this information to modify the four-component model used for TN-L15. Accordingly, we fitted the TN-L15 titration data to a constrained 4-component model, described by [equation (9)](#pone.0049200.e009){ref-type="disp-formula"}, in which the two ratios (long to short lifetime contribution in both the "open" and "closed" conformation) are linked and globally fitted, resulting into a single ratio parameter (*r~21~ = r~43~ = r*) for the whole titration dataset. The quality of fit (χ^2^ = 1.253) is similar to that obtained with the four-component model without constraints (χ^2^ = 1.128), suggesting that the dataset is well described by this constrained 4-component model. The lifetime components obtained from this constrained global fitting are shown in [**Table 3**](#pone-0049200-t003){ref-type="table"}, and the variation of the total contribution of the closed conformations (*q~1~* as described by [equation (10)](#pone.0049200.e010){ref-type="disp-formula"}) with calcium concentration are plotted in [**Figure 7**B](#pone-0049200-g007){ref-type="fig"}. The "low FRET" and "high FRET" populations are described respectively by 2.86 ns±0.02 ns/0.753 ns±0.004 ns (54%/46%) and 1.250 ns±0.006 ns/0.241 ns±0.009 ns (54%/46%).

[**Table 4**](#pone-0049200-t004){ref-type="table"} presents the results obtained from fitting the titration model to the total fraction of "closed" conformations (*q~1~*). The dissociation constant (1.32 µM) is in good agreement with that previously published [@pone.0049200-Heim1]. We note that this constrained ratio model results in a larger dynamic range of the TN-L15 sensor with the fraction of "closed" conformation now changing from 13% at low calcium to 60% at high calcium.

Calcium titration analysed with respect to single-exponential model donor lifetime {#s3f}
----------------------------------------------------------------------------------

The titration data can also be visualized by plotting the changes in donor fluorescence lifetime (obtained by fitting a single exponential decay model to the data) with increasing calcium concentration, as shown in [**Figure 10**](#pone-0049200-g010){ref-type="fig"}. This is common practice for FLIM experiments where insufficient photons are detected to accurately fit a multi-exponential decay model on a pixel by pixel basis and global fitting software is not available. For the data in [**Figure 10**](#pone-0049200-g010){ref-type="fig"} the total number of photons acquired for each fluorescence decay profile measurement was approximately constant as the acquisition for each was stopped when the number of photons in the peak of the decay reached 10,000 and CFP and mTFP1 have similar fluorescence lifetimes. The lifetime of CFP is seen to vary from 2.36 ns for negligible calcium to 1.90 ns at 40 µM of calcium, exhibiting a total change in lifetime of 460 ps, while for mTFP1 the lifetime changes from 2.51 ns to 2.18 ns, i.e. a 330 ps lifetime change. The graphs in [**Figure 10**](#pone-0049200-g010){ref-type="fig"} can thus be used to build a calibration curve and permit measurements of calcium concentration using average fluorescence lifetimes obtained by fitting time-resolved data to a single exponential decay model.

![TN-L15 and mTFP-TnC-Cit fluorescence lifetimes obtained from a single exponential fit.\
The fitting criteria are χ^2^ = 22.867 for TN-L15 and χ^2^ = 4.569 for mTFP-TnC-Cit. The error bars show the standard deviation calculated from three replicate decay acquisitions.](pone.0049200.g010){#pone-0049200-g010}

It is also possible to estimate the error on the calcium concentration determination from the single exponential fit around the inflexion point (at 1 µM calcium). For this, a three-point slope estimation was used to calculate the local slope and the average error from the end points (0 and 40 µM calcium) was used to estimate the error on the lifetime at 1 µM. The calculation leads to similar errors for both TN-L15 and mTFP-TnC-Cit of 0.1 µM under these measurement conditions.

Live-cell FLIM experiment of TN-L15 and mTFP-TnC-Cit {#s3g}
----------------------------------------------------

Live-cell FLIM experiments were carried out in HEK293T cells transiently transfected with either TN-L15 or mTFP-TnC-Cit. The results are shown in [**Figure 11**](#pone-0049200-g011){ref-type="fig"}. In cells transfected with TN-L15 the fluorescence lifetime of CFP was 2060 ps±30 ps and remained approximately constant (2050 ps±40 ps) after EDTA/ionomycin exposure but decreased to 1700 ps±30 ps after calcium stimulation ([**Figure 11**](#pone-0049200-g011){ref-type="fig"}, panel A and C). The same experimental protocol with cells expressing mTFP-TnC-Cit showed that the fluorescence lifetime of mTFP1 did not change significantly between the baseline condition (2510 ps±50 ps) and the EDTA/ionomycin exposure (2530 ps±50 ps) and decreased to 2350 ps±90 ps after calcium stimulation ([**Figure 11**](#pone-0049200-g011){ref-type="fig"}, panel B and D). With both calcium sensors, since the lifetimes are similar between the baseline in calcium-free medium and the EDTA/ionomycin exposure we conclude that there was no calcium release from the endoplasmic reticulum stores upon EDTA exposure.

![Fluorescence lifetime imaging of HEK293T cells transiently transfected with either TN-L15 or mTFP-TnC-Cit.\
(A) Fluorescence lifetime (obtained from single exponential model fitting) of TN-L15 before EDTA exposure (baseline: 2060 ps±30 ps), after exposure to 10 mM EDTA/5 µM ionomycin (EDTA: 2050 ps±40 ps) and after calcium stimulation (Ca^2+^: 1700 ps±30 ps) (N = 4). (B) Fluorescence lifetime of mTFP-TnC-Cit before EDTA exposure (baseline: 2510 ps±50 ps), after exposure to 10 mM EDTA/5 µM ionomycin (EDTA: 2520 ps±50 ps) and after calcium stimulation (Ca^2+^: 2350 ps±90 ps) (N = 4). (C) FLIM images of TN-L15. (D) FLIM images of mTFP-TnC-Cit.](pone.0049200.g011){#pone-0049200-g011}

The calcium stimulation thus caused the lifetime of both donor fluorophores to decrease, as expected when FRET occurs. However, the fluorescence lifetimes measured from TN-L15 in live-cells are inconsistent with those measured in solution phase (2360 ps at low calcium to 1900 ps at high calcium, see [**Figure 10**](#pone-0049200-g010){ref-type="fig"}). This is may be due to the sensitivity of CFP lifetime to its environment and measurement conditions (i.e. cytosol preparation compared to cytosol in a live cell, and to different emission wavelength and broader spectral band-pass detection in the FLIM microscope). For the TN-L15 sensor, it is therefore challenging to establish absolute measurements of calcium concentration using the calibration parameters obtained from the solution phase analysis. The fluorescence lifetime of mTFP-TnC-Cit measured in live-cells under low calcium conditions (2510 ps) is in agreement with the measurements from the cytosol preparation (2511 ps). The fluorescence lifetime (2350 ps) of cells at high calcium concentration is higher than that measured under high calcium concentrations in the cytosol preparation (2188 ps) and further work is required to explain this difference.

Discussion {#s4}
==========

We have shown that both calcium biosensors achieve a similar accuracy in determination of calcium concentration when the fluorescence decay profile is analysed with a single exponential decay model. This approach, presented in [Figure 10](#pone-0049200-g010){ref-type="fig"}, is representative of the data analysis procedure usually used for imaging (FLIM), where the number of photons available is normally insufficient to fit a more complex decay model. Here, the slightly higher precision in lifetime determination obtained for the mTFP-TnC-Cit sensor is counter-balanced by the larger change in fluorescence lifetime of the TN-L15 sensor. For this approach to be used to determine calcium concentrations, e.g. FLIM measurements in cells, it is necessary to first establish a calibration curve such as shown in [Figure 10](#pone-0049200-g010){ref-type="fig"}, which may not always be convenient or possible.

It would be useful to establish the extent to which the fusion of donor fluorophores to the troponin C fragment affects their fluorescence decay profiles. It seems likely that this is a particular issue for CFP - as evidenced by the longer lifetime seen for the open construct compared to CFP alone. The sensitivity of the fluorescence lifetime of ECFP to the fusion to a Troponin C-like protein was previously observed [@pone.0049200-Geiger1], where the fusion protein TN-XXL ΔcpCit (the TN-XXL protein from which the acceptor fluorophore was truncated) exhibits a fluorescence lifetime of about 100 ps longer than that of ECFP. In principle, this could be investigated for our TN-L15 biosensor through the development of further control constructs, e.g. removing the acceptor fluorophore from the biosensor, incorporating a non-fluorescent acceptor fluorophore such as Amber fluorescent protein [@pone.0049200-Koushik1], [@pone.0049200-Koushik2], or introducing an "Amber-like" mutation preventing the formation of the fluorophore [@pone.0049200-Geiger1].

The dependence of ΔC11CFP fluorescence lifetime with temperature (−0.048 ns/°C) is 2.5-fold that of mTFP1 (−0.019 ns/°C) making lifetime measurements of mTFP1 less subject to temperature artefacts. Also mTFP1 fluorescence lifetime does not vary significantly with emission wavelength, unlike ΔC11CFP that exhibits a lifetime shift of 120 ps over its emission spectrum. This could be important for FLIM microscopy and other applications where relatively broad emission filters are employed. And, as demonstrated by Padilla-Parra et al. [@pone.0049200-PadillaParra1], the fluorescence lifetime of mTFP1 is much less sensitive to photobleaching than CFP, which can undergo photoconversion [@pone.0049200-Tramier2]. Therefore, the reduced sensitivity of mTFP1 to its environment makes it a more robust sensor for quantitative fluorescence lifetime measurements.

In general, when considering quantitative fluorescence readouts based on the analysis of fluorescence decay profiles, e.g. FRET assays of interacting population fractions or time-resolved anisotropy measurements, a more complex fitting model can be used to directly provide quantitative data, although it is necessary to assume an appropriate fitting model *a priori*. In the case of CFP-based donors, this fitting entails the determination of at least four lifetime components (two "high FRET" and "low FRET" components) whereas the use of mTFP1 permits a simpler analysis requiring only two decay components. In FLIM experiments it is usually not practical to fit even a two exponential decay on a pixel-wise basis and so the lifetimes of the fluorescence decay components must be either determined in advance and fixed or determined globally during the image analysis. In either case, mTFP1 is advantageous as it requires fewer lifetime components to be determined.

For multi-exponential decay analysis of the TN-L15 and mTFP-TnC-Cit biosensors, the knowledge of *p* ~min~, *p* ~max~ and *k~D~*, is also required for measurements of absolute calcium concentration, here being obtained through high precision solution phase measurements. For FLIM experiments mapping calcium concentration, global fitting of the donor fluorescence decay profiles could directly indicate variations in calcium concentration and, if absolute calcium concentrations are required, these may be estimated from globally fitted lifetime data using the *p* ~min~, *p* ~max~ and *k~D~* values reported here.

For the unconstrained four-component global fit to the TN-L15 data ([**Figure 7**A](#pone-0049200-g007){ref-type="fig"}), the relative contributions of the four components do not vary proportionately as expected, i.e. the ratio of the pre-exponential factors attributed to the open conformation (*p* ~4~/*p* ~3~) (and that attributed to the closed conformation *p~2~/p~1~*) is not constant with varying calcium concentration. This could be an artefact resulting from the difficulty in accurately determining the contributions of the four decay components and/or the fact that CFP exhibits a fluorescence decay profile that is more complex than the double exponential model assumed for the sensor. The constrained global fitting model used to analyse TN-L15 data set inherently addresses this issue by globally fitting the ratios of the two components (long to short lifetime component). The ratio is then constant across the titration. This model is supported by the results obtained from the phasor analysis, in which the data points lie on a straight line, for both TN-L15 and mTFP-TnC-Cit, suggesting that the open and closed conformations have different but fixed decay signatures.

Under conditions of negligible calcium when the biosensors are expected to be in the open conformation, the fraction attributed to the closed conformation is still 13% for the TN-L15 sensor and 15% for mTFP-TnC-Cit. This could be explained by issues during protein maturation causing some biosensor molecules to be permanently locked into a closed conformation or dimerization of the probe in the open conformation leading to inter-molecular FRET. Another explanation could be that the donor and acceptor present a distribution of donor-acceptor distances and/or relative dipole orientations and so the assumption of a unique FRET efficiency for the open conformation that underlies our fitting model is incorrect. Similarly, we note that not all biosensors appear to be closed in the high calcium range (40 µM). This can be explained by the possible protonation of the Citrine at pH = 7.2 [@pone.0049200-Geiger1]. The work by Geiger et al. reported a 15% of protonated Citrine at pH = 7.2, 23°C. The higher temperature used in our experiments (37°C) may explain a higher fraction of protonated Citrine. However we cannot rule out the possibility of incomplete maturation of the acceptor fluorophore, the presence of misfolded non-functional molecules (caused by overexpression of the fluorescent protein) that are incapable of closing, as already discussed by Padilla-Parra et al. [@pone.0049200-PadillaParra1], or the impact of a distribution of donor-acceptor distances or fluorophore orientations when the biosensor is in the closed conformation.

From the imaging experiments we conclude that the difference between the lifetimes obtained for TN-L15 in solution phase and in live cells, which we attribute to the sensitivity of CFP lifetime to its environment and to measurement conditions, make the absolute calcium measurements challenging with TN-L15 in live cells. mTFP-TnC-Cit, however, presented more similar lifetimes in each environment and should be more useful for quantitative measurements.

In conclusion, a new calcium FRET biosensor, mTFP-TnC-Cit, was constructed by replacing the CFP fluorophore within TN-L15 with mTFP1. Since mTFP1 fluorescence decay can be well described by a single exponential decay profile, this FRET biosensor fits well to a two-component donor fluorescence decay model for which fitting and analysis are relatively straightforward. Furthermore, mTFP1 is also significantly less sensitive to changes in temperature and emission wavelength compared to CFP and we therefore suggest that it is more suitable for many FLIM experiments than CFP-based probes. We note, however, that many existing biosensors, such as the TN-L15 FRET biosensor, do incorporate CFP and we have shown that a constrained four-component model of CFP-based FRET can give a good description of the system, and can be supported by phasor analysis. We also conclude that the TN-L15 and mTFP-TnC-Cit can lead to a similar precision in calcium determination as long as long as an appropriate model is used. We also note that our titration experiment suggests that a similar precision in determination of calcium concentration can be achieved with both these FRET biosensors when fitting only a single exponential donor fluorescence decay model to the data.
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**Sequences of the forward and reverse primers for the creation of mTFP-TnC-Cit from TN-L15 and pmTFP-N.**

(PDF)
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Click here for additional data file.

###### 

**Sequence of forward and reverse primers used for the creation of ΔC11CFP.** The Ochre STOP codon is shown in red.

(PDF)
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Click here for additional data file.

###### 

**Temperature dependence of ΔC11CFP decay components (left) and contributions (right).** All decays were fitted with a triple exponential model.

(TIF)
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Click here for additional data file.

###### 

**Temperature dependence of mTFP1 decay components (left) and contributions (right).** All decays were fitted with a double exponential model.

(TIF)
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Click here for additional data file.

###### 

**ΔC11CFP decay components (left) and their contributions (right) at different emission wavelength.** All decays were fitted with a triple exponential model.

(TIF)

###### 

Click here for additional data file.

###### 

**mTFP1 decay components (left) and their contributions (right) at different emission wavelength.** All decays were fitted with a double exponential model.

(TIF)

###### 

Click here for additional data file.
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